Vascular endothelial growth factor receptor 2 (VEGFR2) plays a key role in physiologic and pathologic angiogenesis. Plasma membrane (PM) levels of VEGFR2 are regulated by endocytosis and secretory transport through the Golgi apparatus. To date, the mechanism whereby the VEGFR2 traffics through the Golgi apparatus remains incompletely characterized. We show in human endothelial cells that binding of VEGF to the cell surface localized VEGFR2 stimulates exit of intracellular VEGFR2 from the Golgi apparatus. Brefeldin A treatment reduced the level of surface VEGFR2, confirming that VEGFR2 traffics through the Golgi apparatus en route to the PM. Mechanistically, we show that inhibition of syntaxin 6, a Golgilocalized target membrane-soluble Nethylmaleimide attachment protein receptor (t-SNARE) protein, interferes with VEGFR2 trafficking to the PM and facilitates lysosomal degradation of the VEGFR2. In cell culture, inhibition of syntaxin 6 also reduced VEGF-induced cell proliferation, cell migration, and vascular tube formation. Furthermore, in a mouse ear model of angiogenesis, an inhibitory form of syntaxin 6 reduced VEGFinduced neovascularization and permeability. Our data demonstrate the importance of syntaxin 6 in the maintenance of cellular VEGFR2 levels, and suggest that the inhibitory form of syntaxin 6 has good potential as an antiangiogenic agent. 
Introduction
Members of the vascular endothelial growth factor (VEGF) family bind to cell-surface receptors to regulate both physiologic and pathologic angiogenesis. 1 The activities of the VEGF-A isoform are mediated primarily through its interactions with 2 high-affinity receptor tyrosine kinases expressed on the vascular endothelium: VEGF receptor 2 (VEGFR2, KDR, Flk-1) and VEGFR1 (Flt-1). 2 VEGF-mediated angiogenic signaling has been attributed primarily to the signal transduction processes that are initiated by VEGFR2. 3 Cell-surface VEGFR2 internalized by the clathrin-dependent endocytic process is constitutively recycled back to the plasma membrane (PM). [4] [5] [6] [7] Upon VEGF stimulation a fraction of the internalized endocytic pool of VEGFR2 is sorted toward late endosomes and lysosomes for degradation, whereas the remainder is recycled to the PM. 4, 5, [8] [9] [10] Antiangiogenic approaches currently in use work by blocking VEGF binding to VEGFR2 and/or signaling by the receptor tyrosine kinases. 11 These strategies highlight the importance of intracellular transport mechanisms that coordinate the expression of VEGFR2 at distinct subcellular locations.
The Golgi apparatus is a central hub for membrane trafficking across the mammalian cell. It receives newly synthesized proteins and lipids from the endoplasmic reticulum (ER), modifies many of these cargoes as they pass through, and finally sorts them to various destinations as they exit. [12] [13] [14] [15] Thus the Golgi apparatus is a likely candidate for regulating VEGFR2 trafficking. Unraveling the precise transport pathway and the molecular players may offer better understanding of regulation of the VEGFR2 function. Nevertheless, to date it remains unclear how secretory transport through the Golgi apparatus coordinates the cell-surface expression of VEGFR2.
In eukaryotic cells, most membrane fusion steps require soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). 16, 17 The SNAREs are classified into 2 major classes based on the presence of a glutamine (Q SNAREs or t-SNAREs) or an arginine (R SNAREs or v-SNAREs) in the center of the SNARE motif. 16 Syntaxin 6, syntaxin 10, and syntaxin 16 are members of the t-SNARE protein family, and are localized primarily in the Golgi apparatus but also in endosomes, and are involved in the transport of molecules to and from the Golgi apparatus. [18] [19] [20] [21] [22] [23] Previously, we showed that syntaxin 6 regulates the post-Golgi transport of membrane microdomain components to the PM. 18 However, to date the SNARE complex that mediates VEGFR2 trafficking remains unidentified.
In the current study, we investigated the possibility that syntaxin 6 affects the post-Golgi transport and cell-surface levels of VEGFR2, as well as VEGF-induced angiogenesis. We show that in quiescent endothelial cells a pool of VEGFR2 is present in the Golgi apparatus, and that this Golgi pool of VEGFR2 is rapidly depleted in response to stimulation with VEGF. Among syntaxin 6, syntaxin 10, and syntaxin 16, syntaxin 6 was found to maintain cellular levels of the VEGFR2. When syntaxin 6 function was selectively inhibited, VEGFR2 was targeted to lysosomes for degradation, and the levels of VEGF-induced proliferation, migration, and morphogenesis were decreased. These results show for the first time that syntaxin 6 regulates post-Golgi trafficking of VEGFR2 as well as VEGF-induced angiogenic processes. Furthermore, expression of an inhibitory form of syntaxin 6 was found to block VEGF-induced angiogenesis, providing the first demonstration that an inhibitory mutant t-SNARE can act as a potent antiangiogenic agent.
Methods

Reagents
The rabbit monoclonal antibody (mAb) against human VEGFR2 (55B11) was purchased from Cell Signaling Technology. The goat anti-human VEGFR2 antibody, goat anti-human VEGFR1 antibody, and recombinant VEGF-A 165 (VEGF) were purchased from R&D Systems. The goat polyclonal antibody (pAb) against syntaxin 6 and the rabbit polyclonal antibody against VEGFR1 were obtained from Santa Cruz Biotechnology. The mAb against lysosome-associated membrane protein 2 (Lamp2) was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. The mAbs against early endosome-associated antigen 1 (EEA1), syntaxin 6, and trans-Golgi network 46 (TGN46), the rat anti-mouse CD31 antibody, and growth factor-reduced Matrigel were obtained from BD Biosciences. Recombinant adenovirus expressing the cytosolic inhibitory form of syntaxin 16 (syntaxin 16-cyto) was a gift from Dr Gwyn W. Gould (University of Glasgow). Rabbit pAb against syntaxin 6 and syntaxin 16 and mouse mAb against syntaxin 16 were purchased from Synaptic Systems. Fugene 6 HD transfection reagent, protease inhibitor, and phosphatase inhibitor cocktail tablets were obtained from Roche Diagnostics. Alexa Fluor-conjugated secondary Abs were obtained from Invitrogen, Molecular Probes. Vectashield mounting medium was purchased from Vector Laboratories. The mAbs against ␣-tubulin, cycloheximide (CHX), chloroquine (CHQ), bafilomycin AI (Baf), and lactacystin (Lac) were purchased from Sigma-Aldrich. Protein A and protein G Sepharose beads and Amplify-fluorographic Reagent were purchased from GE Healthcare. SuperSignal West Femto ECL reagent was obtained from Thermo Scientific. 35 S-methionine and cysteine (EasyTag Express 35 S Protein labeling mix) were obtained from PerkinElmer.
Cell culture
Primary human umbilical vein endothelial cells (HUVECs) were obtained from Lonza and cultured on collagen-coated plates in complete medium (endothelial cell basal medium containing supplements from Lonza). HUVECs were used only between passages 3 and 7. The 293T human embryonic kidney cells with simian virus 40 large T antigen (ATCC) were maintained in Dulbecco modified minimum essential medium containing 10% fetal bovine serum. Treatment with VEGF-A 165 was carried out at 50 ng/mL concentrations unless otherwise indicated.
Adenoviral infections, plasmids, and short interfering and short hairpin RNAs
Recombinant adenovirus expressing the cytosolic domains of syntaxin 6 and syntaxin 16 (designated syntaxin 6-cyto and syntaxin 16-cyto) were used as described previously. 18, 24 Except as noted, cells were infected at shown with the indicated adenovirus (titer ϳ 1.5 ϫ 10 7 plaque-forming units/mL) at a multiplicity of infection of 1:75 in serum-free cell-culture medium. After 12 hours of infection, the medium was replaced with normal medium supplemented with 10% serum, and the cells were used for the experiments 12 to 24 hours later. We cloned both full-length human STX10 (residues 1-249) and a cytosolic form (residues 1-228) into the enhanced green fluorescence protein (EGFP) plasmid vector pEGFP-C1 (Clontech); the expected sequence (NM_003765) for each construct was confirmed. EGFP-syntaxin 10 was used for cellular localization studies.
RNA interference-mediated knockdown was performed using Silencer Select predesigned short interfering RNAs (siRNAs) against STX6 (5Ј-GCAACUGAAUUGAGUAUAA-3Ј) and STX16 (5Ј-CAGCGAUUG-GUGUGACAAA-3Ј) in conjunction with the siPORT NeoFX transfection reagent from Ambion. The specificity and extent of knockdown of both proteins was determined 24, 48, and 72 hours after transfection of 293T cells, by immunoblotting. In the case of 293T cells, both syntaxin 6 and syntaxin 16 were reduced by approximately 90% at the protein level (data not shown). RNA interference was less successful in HUVECs, which are less transfectable; the fraction of cells showing at least a 10-fold reduction in syntaxin 6 or syntaxin 16 levels after transfection was approximately 12% to 15%, as judged by immunofluorescence (supplemental Figure 5 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Subcellular fractionation
Details of the fractionation protocol are described in supplemental Methods.
Immunoblotting, immunoprecipitation, and 35 S-methionine metabolic labeling
Procedures for labeling protocol are described in supplemental Methods.
Cell-surface biotinylation studies
Measurements of the cell surface-localized pool of biotinylated VEGFR2 and intracellular degradation of this population were performed using methods previously described. 10 Details of cell-surface biotinylation measurements are provided in supplemental Methods.
Internalization and degradation of surface VEGFR2
The internalization of VEGFR2 from the cell surface and its degradation were analyzed using previously described methods. 25 We used an E-tagged single chain fragment variable (ScFv) mAb against the extracellular domain of human VEGFR2 (ScFvA7), which has been reported to be devoid of biologic activity. 25, 26 Cells were maintained at 10°C (a temperature at which endocytosis does not occur) 27 with 10 g/mL of antibody in Hanks minimum essential medium (HMEM) buffer ([pH 7.4], 13.8mM HEPES acid, 137mM NaCl, 5.4mM KCl, 5.5mM glucose, 2.0mM glutamine, 0.4mM KH 2 PO 4 , 0.18mM Na 2 HPO 4 , 1.25mM CaCl 2 , and 0.08mM MgSO 4 ) for 30 minutes. Before stimulation with VEGF, cells were washed in ice-cold HMEM buffer with 1% BSA to remove unbound Ab, and maintained in fresh buffer. Cells were then incubated with VEGF at 10°C for an additional 30 minutes to allow VEGF to bind to surface VEGFR2. Samples were then incubated at 16°C for 30 minutes in HMEM buffer as previously described, to allow internalized VEGF-VEGFR2 complexes to accumulate in early endosomes. 27 Subsequently, samples were moved to a cold station maintained at 10°C, and the remaining surface-bound antibody was removed by an acid wash (3 washes with ice-cold 50mM glycine in HMEM buffer [pH 2.5] and 2 washes with HMEM buffers [pH 7.5]). The cells were then subjected to a chase at 37°C in HMEM buffer. At each of several time points, the cells were moved to a 10°C cold station and were acid washed to remove any antibody that may have recycled to the surface during the chase. To assess the intracellular distribution of the anti-VEGFR2 antibody, cells were fixed, permeabilized, and incubated with fluorescein isothiocyanate (FITC)-labeled rabbit antibody against its E-tag. Samples were then processed for fluorescence microscopy.
Microscopy and image analysis
For immunofluorescence studies, cells were grown on acid-washed glass coverslips. Cells were fixed, permeabilized, and then labeled with primary antibodies. Microscopy and image analysis are described in supplemental Methods.
Assays
Endothelial cell proliferation, migration, and vascular tube formation assays are conducted. Detailed protocols for HUVECs proliferation, wound healing, Boyden chamber migration, and Matrigel-based morphogenesis assays are provided in supplemental Methods.
Animal care and angiogenesis assay
All animal studies were approved by The University of Iowa Animal Care Committee and The Mayo Clinic and Foundation Institutional Animal Care Use Committee. Studies were carried out in accordance with the principles and procedures outlined in the National Institutes of Health (NIH) guidelines for the care and use of experimental animals. Mice (Nu/Nu, 6-8 weeks of age; Charles River Laboratories) under anesthesia were injected with the indicated recombinant adenoviruses as previously described. 28 . Surface proteins labeled with the biotinylation reagent sulfo-NHS-SS-biotin were pulled down with streptavidin-Sepharose, and 5% of the total cell lysate and biotinylated cell-surface protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by Western blot analysis with antibody against VEGFR2. (H) Quantification of band density for the cell-surface VEGFR2. Percentage is expressed as the change in surface VEGFR2 after BFA treatment (relative to initial levels). The percentage represents mean (Ϯ SD) for n ϭ 3 and P Յ .05. Scale bar represents 5 m.
Details on the mouse ear angiogenesis assay, the preparation of mouse ear extracts, immunohistochemistry, and the vascular permeability assay are provided in supplemental Methods.
Statistical analysis
All values are expressed as mean (Ϯ SD). Statistical significance was determined using 2-sided Student t test with GraphPad Prism Version 4.0 software. A value of P Ͻ .05 was considered significant unless stated otherwise.
Results
VEGF stimulates VEGFR2 to exit the trans-Golgi compartment
Quantitative epifluorescence-based imaging of the cellular distribution of VEGFR2 in HUVECs revealed that approximately 25% to 30% of total VEGFR2 colocalizes with the trans-Golgi marker TGN46 ( Figure 1A ). Consistent with these findings, Optiprep gradient fractionation resulted in 30% to 40% of the total VEGFR2 cofractionating with TGN46 ( Figure 1B-C) . We next examined whether stimulation with VEGF affects the trafficking of VEGFR2 from the trans-Golgi compartment. For this, serum-starved HUVECs pretreated with CHX were incubated for 1 hour at 20°C to enrich VEGFR2 at the Golgi. Cells were then treated with VEGF (in the presence of CHX) for different times, and colocalization of VEGFR2 with the Golgi was monitored. A rapid loss of VEGFR2 from the Golgi compartment (95% within 30 minutes of VEGF stimulation) relative to that in unstimulated cells (25% over the same period) was observed ( Figure 1D -E). These results suggest that VEGFR2 localizes in Golgi and stimulation with VEGF mobilizes VEGFR2 from the Golgi compartment.
Syntaxin 6 is a trans-Golgi and endosome-localized SNARE protein and facilitates trans-Golgi and post-Golgi vesicle fusion processes (supplemental Figure 2) . 30, 31 We next investigated whether stimulation with VEGF leads to altered localization of syntaxin 6 in relation to VEGFR2. Indeed, VEGF stimulation led to a . Epifluorescence images were acquired and total cell-associated fluorescence was quantified by image analysis. Values represent relative change in the levels of VEGFR2 or VEGFR1 normalized to an arbitrary value of 100 for untreated controls. Percentage is expressed as mean (Ϯ SD) of n ϭ 90 cells for each condition from 3 separate experiments; P Յ .001. (E) Lysates were prepared from uninfected, syntaxin 6-cyto-or syntaxin16-cyto-infected HUVECs (after infection for various periods of time, as indicated) and samples were immunoblotted for VEGFR2 (55B11) and VEGFR1 (rabbit polyclonal). Relative level of endogenous syntaxin 6, syntaxin 16, or tubulin in cell lysate is shown. (F) VEGFR2 and VEGFR1 band density from panel E was quantified and results represent relative levels of VEGFR2 and VEGFR1 after normalization to an arbitrary value of 100 for 0 minutes after infection. Percentage is expressed as mean (Ϯ SD) for n ϭ 3; P Յ .005). Scale bar represents 5 m.
significant decrease in colocalization between syntaxin 6 and VEGFR2 at the Golgi (colocalization dropping from 95% to 55%), with a concomitant increase in colocalization in endosomes (from 10% to 40%, supplemental Figure 3A ,C). These results suggest that syntaxin 6 may contribute to the regulation of VEGFR2 trafficking at either Golgi or endosomal locations.
To determine whether transport of VEGFR2 from the ER to the Golgi is essential for subsequent receptor transport from the Golgi to the cell surface, we applied brefeldin A (BFA, a fungal metabolite that disrupts the Golgi structure and blocks ER to Golgi protein transport 32 ) to HUVECs. This resulted in a redistribution of the VEGFR2 pool from the perinuclear Golgi to vesicular structures distributed throughout the cytosol ( Figure 1F ). Cell-surface biotinylation revealed that a 30-minute BFA treatment reduced cell-surface VEGFR2 by 80% relative to levels in untreated controls ( Figure 1G-H) . Notably, BFA treatment (30 minutes) did not result in a change in the total cellular levels of VEGFR2 ( Figure 1G ). These results suggest that disrupting membrane transport from the ER to the Golgi complex blocks cell-surface delivery of VEGFR2.
Functional inhibition of the Golgi-localized t-SNARE syntaxin 6 leads to a decrease in the cellular pool of VEGFR2 Syntaxin 6, syntaxin 10, and, syntaxin 16 all localized predominantly to the Golgi apparatus based on colocalization with transGolgi network marker TGN46 (supplemental Figure 2) . We next inhibited the function of these syntaxins by expressing the inhibitory, cytosolic domains of syntaxin 6, syntaxin 10, and syntaxin 16 (designated as syntaxin 6-cyto, syntaxin 10-cyto, and syntaxin 16-cyto, respectively). 18, 24 In the case of syntaxin 6-cyto and syntaxin 16-cyto, 95% or more of the HUVECs expressed the cytosolic inhibitory form after 24 hours of infection (supplemental Figure 4A ). This overexpression had no effect on morphology of the Golgi apparatus, as ascertained by TGN46 staining (supplemental Figure 4B ). Furthermore, overexpression of syntaxin 6-cyto has been shown previously not to affect other SNARE proteins. 18 The effects of overexpressing syntaxin 6-, syntaxin 10-, or syntaxin 16-cyto on the cellular distribution and level of the VEGFR2 was evaluated by epifluorescence microscopy and Western blot analysis (Figure 2 and supplemental Figure 6A ). 
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Overexpression of syntaxin 6-cyto resulted in significantly altered total cellular levels of VEGFR2 (Figure 2A,D) . Western blotting revealed that total levels of VEGFR2 were decreased to 25% of pretreatment levels after 24 hours of syntaxin 6-cyto infection, and to 10% after 36 hours (Figure 2E-F) . In contrast, syntaxin 6-cyto infection did not alter the distribution or overall cellular levels of VEGFR1 relative to those in untreated control cells or in cells treated with syntaxin 16-cyto (Figure 2C-D) . Overexpression of EGFP-syntaxin 10-cyto and EGFP-syntaxin 16-cyto had no effect on the cellular distribution or levels of VEGFR2 relative to those in untreated control cells (Figure 2 and supplemental Figure 6 ). These studies were complemented by the use of siRNAs targeting endogenous STX6 and STX16, and a short hairpin RNA targeting STX10, to knock down these proteins; in all cases, protein levels were diminished by 90% or more after 72 hours (supplemental Figures 5-6 ). In the case of siRNAs against STX6 or STX16, the efficiency of knockdown was assessed by immunofluorescence microscopy. The fraction of HUVECs showing a 90% or greater reduction in syntaxin 6 or syntaxin 16 levels after siRNA treatment was 12% to 15% (supplemental Figure 5) . Knockdown of syntaxin 6 in HUVECs using an siRNA against syntaxin 6 led to a 75% reduction in cellular VEGFR2 (Figure 2B,D) . From these results, we conclude that syntaxin 6 function is required specifically for maintaining a normal level of VEGFR2, but not for maintaining a normal level of VEGFR1.
Functional inhibition of syntaxin 6 leads to targeting of VEGFR2 to lysosomes for degradation
We next examined the consequences of syntaxin 6 inhibition on VEGFR2 turnover in HUVECs. Pulse-chase experiments were performed to determine the effects on synthesis and stability of newly synthesized VEGFR2. The amounts of newly synthesized VEGFR2 in cells expressing syntaxin 6-cyto or syntaxin 16-cyto were similar to those in untreated controls (ie, at 20 minutes pulse and 0 minutes chase; Figure 3A ). After 1 hour of chase, however, syntaxin 6-cyto expressing cells showed a 75% or greater reduction in VEGFR2 relative to initial levels ( Figure  3A-B) . This expression was not mirrored in syntaxin 16-cyto expressing cells, in which the extent of degradation at this time was less than 10% and even lower than that in uninfected control cells (Ͻ 25%). During longer chase periods (2 hours and 4 hours), the extent of receptor degradation in syntaxin 6-cyto or syntaxin 16-cyto expressing cells was similar to that in untreated control cells. These results suggest that inhibiting syntaxin 6 function does not lead to inhibition of VEGFR2 synthesis, but rather to more rapid degradation of the newly synthesized pool of receptor.
We next determined whether syntaxin 6-cyto-induced VEGFR2 degradation occurs in lysosomes or proteasomes. After 18 hours of treatment with either syntaxin 6-cyto or syntaxin 16-cyto, cells were treated with CHQ, an inhibitor of lysosomal hydrolases, 33 with Baf, an inhibitor of the vacuolar-type H ϩ -ATPase, 34 or with Lac, an inhibitor of the proteasome 35 for an additional 6 hours. We then examined the cellular distribution of VEGFR2 by epifluorescence microscopy. As expected, syntaxin 6-cyto expressing cells that had not been treated with an inhibitor showed significantly reduced VEGFR2 staining. However, syntaxin 6-cyto expressing cells incubated with either CHQ-or Baf-accumulated VEGFR2 in enlarged perinuclear, Lamp2-positive lysosomes ( Figure 3C ). Quantification of epifluorescence images revealed that the intensity of staining for total cellular VEGFR2 in syntaxin 6-cyto expressing cells was reduced to 25% of that in untreated control cells ( Figure 3D ). Cotreatment of infected syntaxin 6-cyto cells with CHQ or Baf partially rescued VEGFR2 levels (ϳ 80%) to that of the levels seen in untreated control cells ( Figure 3D ). Incubation with the proteasomal inhibitor Lac did not rescue syntaxin 6-cyto-induced degradation of VEGFR2 (Figure 3C-D) . Quantitation of total VEGFR2 colocalization in syntaxin 6-cyto expressing cells with markers for early endosomes (EEA1) or lysosomes (Lamp2) revealed a greater than 85% overlap with Lamp2, and a less than 10% overlap with EEA1 ( Figure 3E ). The intracellular distribution of VEGFR2 in syntaxin 16-cyto expressing cells treated with various inhibitors was similar to that seen in control cells. These data show that inhibition of syntaxin 6 function leads to the targeting of VEGFR2 to lysosomes for degradation.
Functional inhibition of syntaxin 6 does not lead to the targeting of PM-localized VEGFR2 for degradation
VEGF binding to cell surface VEGFR2 leads to the internalization and subsequent sorting of receptors for degradation in lysosomes. 5 We sought to understand whether syntaxin 6 inhibition targets the PM pool of VEGFR2 for degradation. 2 different approaches to label the PM pool of VEGFR2 were used: surface biotinylation and ScFv antibody binding. In the case of surface biotinylation, cells were subjected to a 16°C temperature block, during which surfacebiotinylated VEGFR2 could bind VEGF, internalize, and accumulate in endosomes. After unbound surface biotin was removed (this was considered the initial amount of biotinylated VEGFR2), cells were subjected to a 37°C chase ( Figure 4A ). After 30 minutes, cell-associated-biotinylated VEGFR2 in control and syntaxin 16-cyto-treated cells decreased to 5% to 10% of the initial levels ( Figure 4A-B) . Although the amount of biotinylated VEGFR2 in syntaxin 6-cyto expressing cells was lower than in control cells (0 minute chase), a subsequent chase at 37°C did not further decrease the biotinylated pool of receptors relative to initial levels ( Figure 4A-B) . In the complimentary antibody-binding approach, we labeled surface VEGFR2 using ScFv, which recognizes the extracellular domain of VEGFR2. 25 Cell-surface binding of ScFv was lower in syntaxin 6-cyto expressing cells than in control and syntaxin 16-cyto expressing cells (Figure 4C-D) . This reduction in cell-surface ScFv antibody binding could have been because of a reduction in the total cellular level of VEGFR2 as a consequence of syntaxin 6-cyto expression, as shown in Figure 2D . The cells were then subjected to a 16°C temperature block followed by a chase at 37°C. After 30 minutes the intracellular levels of remaining cell-associated ScFv were decreased to 12% of the initial levels in control and syntaxin 16-cyto expressing cells ( Figure 4C,E) . In syntaxin 6-cyto expressing cells, however, the level of cellassociated antibody was not decreased relative to the initial levels ( Figure 4C,E) . These results show that in the absence of syntaxin 6 function, the cell-surface pool of VEGFR2 is not targeted for degradation in the lysosomes.
Functional inhibition of syntaxin 6 blocks VEGF-induced endothelial cell proliferation and migration
To study the functional significance of inhibiting syntaxin 6 in HUVECs, we evaluated VEGF-induced cell proliferation in cells treated with syntaxin 6-cyto or syntaxin 16-cyto. We found that the expression of syntaxin 6-cyto, but not that of syntaxin 16-cyto, blocked cell proliferation in response to VEGF ( Figure 5A ). Thus, trafficking of VEGFR2 to the endothelial cell-surface by a syntaxin 6-dependent mechanism is critical for VEGF-induced endothelial cell proliferation.
The impact of inhibiting syntaxin 6 on cell motility was examined in a scratch-wound assay in which endothelial cell motility depends on VEGF ( Figure 5B-C) . In untreated cells, VEGF treatment for 24 hours led to a 3-fold increase in the migration of cells into the wounded area. However, this effect was significantly suppressed by the expression of syntaxin 6-cyto. The expression of syntaxin 16-cyto did not repress endothelial cell migration relative to levels in uninfected controls. We further examined the role of syntaxin 6 in directional endothelial cell migration using the Boyden chamber assay. As shown in Figure 5D , the expression of syntaxin 6-cyto inhibited the migration of cells toward the chemoattractant VEGF: in uninfected control cells, VEGF stimulated cell migration by between 2-and 2.5-fold, but it had no effect on migration in syntaxin 6-cyto expressing cells ( Figure 5D ).
We next investigated the role of syntaxin 6 in endothelial tube formation by examining the effect of syntaxin 6 manipulation on endothelial cell morphogenesis within the extracellular matrix. In uninfected cells, tubular structures formed within 6 hours of seeding the cells on Matrigel. The addition of VEGF significantly enhanced tube formation, leading to an increase in the number of intercellular contacts and in the overall complexity of the network ( Figure 5E ). The expression of syntaxin 6-cyto clearly suppressed this VEGF-induced response, whereas the expression of syntaxin 16-cyto did not ( Figure 5E-F) . Overall, these in vitro results suggest that functional syntaxin 6 is required to elicit a VEGF-induced chemotactic and mitogenic effect in endothelial cells.
Inhibition of syntaxin 6 and VEGF 164 -induced angiogenesis
Because it was found that VEGF 164 induces angiogenesis in mouse ears, we next investigated the effects of the inhibitory form of syntaxin 6 on vascularization in a mouse ear model of angiogenesis. 36 Intradermal administration of adenoviral (Ad)-VEGF 164 led to initiation of angiogenesis by day 3 after injection, and had a robust effect by day 5. This angiogenic response mimics the Figure 1F . Samples were then incubated at 16°C for 30 minutes to allow biotinylated VEGFR2 to accumulate in endosomes. The remaining surface biotin was removed by treatment with sodium 2-mercaptoethanesulfonate (MesNa) and quenching of MesNa with iodoacetic acid. These samples (0-minute chase time point) were further incubated at 37°C for the indicated periods. To determine the levels of intracellular biotinylated VEGFR2 after different chase periods, cells were again treated with MesNa to remove any additional biotinylated VEGFR2 that had recycled to the cell surface. Intracellular biotinylated VEGFR2 was pulled down by streptavidin-Sepharose as described for Figure 1F . Levels of intracellular biotinylated VEGFR2 were quantitated by immunoblotting for VEGFR2. Total cell lysates were also immunoblotted with the indicated antibodies to assess relative protein abundance. (B) Densitometric analysis of immunoblots in panel A. Values are expressed relative to 0-minute chase time point (normalized to 100%). Values are presented as mean (Ϯ SD) for n ϭ 3, P Յ .05. (C,D) HUVECs were labeled with an E-tagged anti-VEGFR2 antibody (ScFv), at 10°C for 30 minutes, and then incubated with VEGF for an additional 30-minutes. Cells were washed and imaged to assess ScFv-binding at the cell surface. Samples in which ScFv was bound to the cell surface were further incubated at 16°C for 30 minutes. The remaining surface-bound antibody was removed by washing with low pH buffer. These samples (0-minute chase time point) were subjected to chase at 37°C in the presence of VEGF. Cell surface-localized and internalized ScFv-VEGFR2 complexes were detected using an FITC-conjugated antibody against the E-tag. (D,E) Graphs represent quantitative measurements of cell surface-localized and total internalized VEGFR2, as determined by image analysis. Values in panel E are expressed as the percentage of total internalized ScFv fluorescence at the 0-minute chase time point. Values in panels D and E represent mean (Ϯ SD) for n ϭ 90 cells for each condition from 3 separate experiments, P Յ .005. Scale bar represents 5m. pathologic angiogenesis mediated by VEGF. 37 The scheme described in Figure 6A was used to evaluate whether the expression of syntaxin 6-cyto in mouse ears would reduce angiogenesis after VEGF 164 stimulation. Intradermal injection of syntaxin 6-cyto or syntaxin 16-cyto 2 days before injection of Ad-VEGF 164 , followed by the preparation of tissue lysates from angiogenic areas, revealed the expression of inhibitory cytosolic forms of syntaxin 6 or syntaxin 16 ( Figure 6B ). In mice mock-injected with phosphatebuffered saline (PBS), the level of VEGF 164 after 5 days of the administration of Ad-VEGF 164 was increased approximately 12-fold ( Figure 6C ). In cohorts injected with syntaxin 6-cyto or syntaxin 16-cyto, a similar level of VEGF 164 expression was observed in ear tissues. In the absence of VEGF 164 , injection of syntaxin 16-cyto and syntaxin 6-cyto did not have a significant effect on the vasculature (data not shown). Upon subsequent administration of Ad-VEGF 164 , a robust increase in vascularity and edema was observed in the ears of mice treated with PBS or syntaxin 16-cyto ( Figure 6D-E) . However, in syntaxin 6-cyto-treated ears, we noted a marked attenuation of the angiogenic and tissue edema responses under the same conditions ( Figure 6D-E) . Immunohistochemical staining with CD31 and VEGFR2 showed that syntaxin 6-cyto-infected mouse ears formed only few new vessels in response to VEGF 164 relative to their mock-or syntaxin 16-cyto-injected counterparts ( Figure 6F-G) . VEGF-A is a potent vascular permeability factor that induces hemorrhage and extravasation of an intravascular dye (Evans blue) in the mouse ear model. 29 Notably, in Evans blue dye-based analysis of the vasculature in ears similarly treated with Ad-VEGF 164 , the vasculature of syntaxin 6-cyto injected mouse ears showed little dye infusion compared with that in the mock-or syntaxin 16-cyto-injected animal ears ( Figure 6H-I) . These in vivo results show that the expression of an inhibitory form of syntaxin 6 blocks VEGF-induced angiogenesis and permeability in mouse ear tissue.
Discussion
The abundance of VEGFR2 at the PM is determined by the activities of several intracellular receptor trafficking pathways. 38 These include the pathways that affect the following: secretory transport (for newly synthesized receptor), internalization, activation, lysosomal degradation, and recycling to the PM. Before the current study, little was known regarding secretory transport of VEGFR2 from the Golgi apparatus to the PM. Our findings demonstrate that a significant amount of VEGFR2 is present in the Golgi apparatus, and that VEGF mobilizes this pool from the Golgi compartment. Moreover, using 2 different loss-of-function approaches, we show that maintenance of intracellular levels of VEGFR2 requires the Golgi-and endosome-localized t-SNARE syntaxin 6. Our findings further reveal that inhibition of syntaxin 6 function leads to targeting of the Golgi-localized, but not the PM-localized, pool of VEGFR2 for degradation in lysosomes. Importantly, inhibiting syntaxin 6 also had tangible effects on cellular processes involved in VEGF-induced angiogenesis. Based on these findings, we propose a model in which the Golgi-and endosome-localized pool of the t-SNARE syntaxin 6 contributes to the regulation of proper VEGFR2 sorting, thereby promoting VEGFR2 turnover at the PM and subsequent angiogenesis (supplemental Figure 1) .
VEGFR2 internalizes via a clathrin-dependent pathway, and the endocytic pool of receptors can recycle both constitutively and in response to VEGF stimulation. 5, 10 VEGF stimulation also leads to sorting of a fraction of the internalized endocytic pool of VEGFR2 for degradation in the lysosomes. In this study, we report that in unstimulated cells approximately 25% of total VEGFR2 is localized in the Golgi apparatus and cofractionates with the Golgi marker TGN46 by density gradient centrifugation. We also show that VEGF stimulates exit of VEGFR2 from the Golgi, probably by coupling cell-surface VEGFR2-mediated signaling with trafficking from the Golgi. Our results with BFA, which blocks ER-Golgi transport of cargo molecules, show that the total levels of VEGFR2 remain unaltered and that it is only the level of receptor at the cell surface that is reduced, suggesting that secretory transport of VEGFR2 through the Golgi complex plays an important role in maintaining the surface pool of VEGFR2 in endothelial cells.
Syntaxin 6 localizes primarily to the trans-Golgi network and endosomes, suggesting that this t-SNARE plays a role in trans-or post-Golgi fusion events. 23, 30, 31 This demonstration is consistent with our previous work that syntaxin 6 regulates post-Golgi transport of the membrane microdomain-associated glycosylphosphatidylinositol-green fluorescent protein in human fibroblasts, 18 as well as with other studies showing that syntaxin 6 participates in the maturation and/or exocytosis of granules in specialized cell types 22 and that it is vital to the transport of cargo to the lysosomes in pancreatic beta-cells. 19 For example, syntaxin 6 is involved in a membrane-trafficking step that sequesters the glucose transporter Glut4 away from the PM 20 and recycles insulin-responsive aminopeptidase from the PM back to the insulin-responsive compartment. 39 Syntaxin 6 is also required for the sorting of proteins from endosomes to either the trans-Golgi network or lysosomes. 19 Syntaxin 6 is a component of the cystic fibrosis transmembrane conductance regulator (CFTR)-associated ligand (CFTR-binding protein, CAL) complex in which context it contributes to regulation of the intracellular levels and function of CFTR. 40 In the present study we found that inhibiting syntaxin 6 function results in a reduction of VEGFR2 levels in endothelial cells. It has been previously shown that stimulation with VEGF targets a fraction of the endocytic pool of VEGFR2 for degradation in lysosomes. Given that blockers of lysosome function, but not inhibitors of proteasome function, reversed VEGFR2 down-regulation in response to syntaxin 6, it appears that inhibiting syntaxin 6 function leads to VEGFR2 targeting to the lysosomes for degradation. Our study and findings from published reports 19 suggest that the PM/endocytic pool of VEGFR2 is not likely the target of this lysosome-mediated degradation in the context of syntaxin 6 dysfunction. Indeed we found that only the Golgi-associated pool of VEGFR2 was affected. Our data support the hypothesis that syntaxin 6 is required for maintenance of the Golgi pool of VEGFR2, and that in the absence of syntaxin 6 this pool of receptors is targeted to lysosomes for degradation. However, whether VEGFR2 is targeted directly from the Golgi complex to lysosomes, or instead makes this journey via endosomes, remains to be explored.
VEGFR2 is critical for angiogenesis in pathologic as well as physiologic contexts. Binding of VEGF to VEGFR2 induces receptor activation and thereby endothelial cell proliferation, migration, survival, and tube formation during neovascularization. [41] [42] [43] The reduction in VEGF-induced proliferation, migration, and tube formation, we observed in culture upon inhibiting syntaxin 6 function confirms that syntaxin 6 plays a pivotal role in maintaining cellular VEGFR2 levels and angiogenesis. These findings suggest that syntaxin 6-regulated trafficking of VEGFR2 is vital to each of these processes in endothelial cells. Moreover, the physiologic relevance of these findings is strongly supported by our analysis of the consequences of interfering with syntaxin 6 function (via adenoviral gene transfer of syntaxin 6-cyto) with respect to VEGF-induced vascularization (ear assay in nude mice). Finally, our finding that expressing a cytosolic form of syntaxin 6 blocks VEGF-induced angiogenesis raises the prospect that pharmacologic manipulation of syntaxin 6 function in the setting of vascular disorders may be an effective therapeutic tool. During angiogenesis the VEGFR2 signaling cascades can be modulated by additional endothelial cell-surface proteins such as neuropilin-1 and EphrinB2. [44] [45] [46] Moreover, inhibition of neuropilin-1 function has been shown to enhance the effectiveness of anti-VEGF therapy in tumor models. 44 In addition, EphrinB2 has recently been shown to regulate VEGFR2 signaling by modulating receptor trafficking from the cell surface. 45, 46 It is thus possible that the observed in vivo antiangiogenic effect after sytnaxin 6 inhibition may be dependent on additional cell-surface regulators of angiogenesis that are capable of modulating VEGF-signaling. Future studies investigating the effects of cell type-specific ablation of syntaxin 6 in the tissue microenvironment will more clearly delineate the role of this t-SNARE in angiogenesis.
In summary, we have provided the first demonstration that the t-SNARE syntaxin 6 is involved in maintenance of the intracellular levels and distinct pools of VEGFR2 in the Golgi complex and endosomes. Furthermore, we have shown through our experiments in the mouse model that the cytosolic inhibitory form of syntaxin 6 has antiangiogenic properties.
